We review a relatively new method for studying the developing brain in children and infants with Autism Spectrum Disorder (ASD). Despite advances in behavioral screening and brain imaging, due to paradigms that do not easily allow for testing of awake, very young, and socially-engaged children-i.e., the social and the baby brain-the biological underpinnings of this disorder remain a mystery. We introduce an approach based on functional near-infrared spectroscopy (fNIRS), which offers a noninvasive imaging technique for studying functional activations by measuring changes in the brain's hemodynamic properties. This further enables measurement of brain activation in upright, interactive settings, while maintaining general equivalence to fMRI findings. We review the existing studies that have used fNIRS for ASD, discussing their promise, limitations, and their technical aspects, gearing this study to the researcher who may be new to this technique and highlighting potential targets for future research.
Introduction
Autism spectrum disorder (ASD) encompasses a range of neurodevelopmental disorders involving deficits in social interaction, communication, and in non-social features such as restricted and stereotyped behaviors (Woolfenden et al., 2012; Worley and Matson, 2012) . ASD poses great challenges for individuals and for their caregivers or family, impacting the ability to participate in standardized education, to have peer interactions, to hold employment, and thus greatly influencing the basic quality of daily life (Frith, 2008) . Due to some combination of higher incidence and/or improved screening, the rate of ASD diagnosis also appears to be rapidly increasing in all countries where prevalence studies have been conducted. ASD now affects at least one out of roughly every 100 children (Elsabbagh et al., 2012; Mattila et al., 2011; Saemundsen et al., 2013) ; and one out of every 68 children in the US (Center for Disease Control, 2014) . Thus, early ASD diagnosis and effective treatment, combined with an understanding of its connection to child or, even better, infant neurocognitive development are of critical concern for both science and public health.
Despite this importance, the actual causes and neurobiological bases of autism remain under debate (Walsh et al., 2011) . Behavioral measurements, such as the Autism Behavior Checklist (ABC; Yirmiya et al., 1994) and the Autism Diagnostic Observational Schedule (ADOS; Lord et al., 1999 Lord et al., , 2000 , have been widely used to screen and diagnose ASD. These have provided an important tool for identifying behavioral features, notably concerning anticipation of social routines, atypical communications, eye contact, facial expressions, gestures, etc. However, because behavioral signs especially in infants and young children are subtle and variable (Elsabbagh and Johnson, 2016) , a diagnosis based only on behavioral evidence cannot often reliably be given until around age three-leading to a lost period of study and potential intervention that also encompasses one of the most important stages for the developing brain (Lai et al., 2013) .
As an important extension to behavioral evidence, recent studies have increasingly turned to physiological assessments, considering genetics (Abrahams and Geschwind, 2008; Miles, 2011) and, increasingly, brain imaging (Anagnostou and Taylor, 2011; Belmonte et al., 2004; Chen et al., 2011; Hernandez et al., 2015; Philip et al., 2012 for reviews and discussions). Notably in the latter case, approaches using primarily fMRI and electroencephalography (EEG) have identified dysfunctions in several regions (reviewed below, see also Fig. 1 )-associated with executive control, social cognition/Theory-of-mind, mirroring others' emotion and/or action-as potential pathological substrates underlying ASD. Studies have also begun to develop new paradigms exploring structural cortical density (i.e., the amount of white or grey matter in specific brain regions), functional connectivity (covariance in activity between one reference region and one or more other brain regions), and even between-participant activation coupling (so-called "hyperscanning," involving assessments of activity covariance in similar or different regions across two participants' brains: Hari et al., 2015; Liu and Pelowski, 2014) .
However, although imaging studies have greatly enhanced our knowledge of differences in brain functioning given ASD, present research also faces key challenges tied to procedural and technological constraints. Because fMRI requires subjects to lay motionless for long periods, within a confined tube, often with an accompanying loud noise from the magnet, and separated from parents, most studies have adopted either high-functioning adolescents/adults or children over age three. Studies also typically employ pictures or video clips as experimental stimuli instead of shared tasks or interactions with other humans. Alternatively, studies are conducted with sleeping or sedated participants, thus potentially omitting typical features of some of the most prominently observable (i.e., social) behavioral issues associated with ASD (Keehn et al., 2013b) . Although EEG has relatively higher ecological validity (Oberman et al., 2005) , it is sensitive to motion artifacts making it especially difficult to use with young children, and it has a lower capability of directly connecting specific regions to recorded activity (Michel et al., 2004) . EEG also requires a high number of trials in order to address issues with noise, posing an additional challenge especially regarding studies of young children.
To briefly summarize, among many outstanding issues facing researchers of ASD, we are left with a first-year puzzle relating to atypical functions and networks in the awake infant (i.e., the 'baby brain'), which may tie to the actual developmental basis or neurobiological emergence of ASD, and a second puzzle involving deficits in daily communications and interpersonal interactions-the so called "social brain" (Cozolino, 2006; Pelphrey et al., 2011 )-both of which would benefit from more interpersonal, engaging, and ecologically-valid studies.
In this paper, we review a relatively new method of brain imaging which may help to address the above shortcomings in ASD research. Functional near-infrared spectroscopy (fNIRS) is a noninvasive imaging technique for studying functional activations by measuring changes in the hemodynamic properties of cortical brain regions. Importantly, it has few physical constraints and is tolerant to motion and electromagnetic artifacts (Liu et al., 2015a; Scholkmann et al., 2014) thus providing an intriguing tool for studying infants or children as they engage in natural social activities (Wilcox and Biondi, 2015) , and can even be used to explore the interpersonal neural coupling between participants. Although existing studies are still quite disparate and not fully focused on infants or social engagements, they do show the promise for the fNIRS paradigms. They also offer an important, although somewhat lesser-known, extension to ASD-related brain imaging and an intriguing tool that might be considered by researchers when designing future assessments.
We review these studies, especially focusing on the understanding and application of fNIRS methodology. We begin with a brief review of relevant fMRI and EEG research as a means of connecting to fNIRS findings. We also review the technical aspects of the fNIRS paradigm, as this helps to explain the following studies' limitations or differences. We then introduce current studies, organized around the main areas of: (1) social, (2) non-social, and (3) brain network connectivity. Based on this discussion, we then highlight targets for future research. For the sake of brevity, we focus only on fNIRS research pertaining directly to ASD. While it is of course important to consider typical development of the healthy infant or other potentially related atypical developments (e.g., attention-deficit/hyperactivity disorder), we refer the interested reader to similar reviews (e.g., Vanderwert and Nelson, 2014; Wilcox and Biondi, 2015) .
Review: two puzzles in current ASD study
As noted above, we will begin with a brief overview of previous brain imaging approaches using fMRI and EEG. While this by necessity is not intended to be comprehensive (please see Anagnostou and Taylor, 2011; Maximo et al., 2014; Rane et al., 2015) , we will use this to address the main targets of present fNIRS studies and thus to provide a frame for the following review.
Puzzle one: ASD in the developing baby brain First, a major question that might be addressed by more ecologically valid approaches concerns the roots of ASD in the developing baby brain. Several studies have investigated cerebral structure and function-again mostly in children above age three. These studies (see Hernandez et al., 2015; Philip et al., 2012; Sperdin and Schaer, 2016 for reviews) have identified deficiencies in several regions (see Fig. 1 ), which might partially contribute to the disorder's emergence.
Functional deficiencies can involve impairment in basic executive control. Executive control refers to an ability to regulate perceptual and motor processes in order to respond in an adaptive way to novel or changing task demands (Koechlin and Summerfield, 2007) . Deficits in executive function may lead to many of the abnormal perceptual and behavioral features noted in ASD identification batteries. Abnormal activation can be observed in diverse, task-related brain areas, mainly seated in the prefrontal cortex (see Philip et al., 2012) , related to higher order control of actions and decisions.
Difficulties in processing speech and delayed language development are also typically found in ASD. Often language difficulties occur for toddlers who are not able to comprehend spoken words and to adequately express themselves (Groen et al., 2008; Simms and Jin, 2015) . These difficulties are connected to hypoactivation in diverse frontal and temporal areas (notably anterior cingulate cortex, insula, temporal gyrus) typically associated with early language acquisition, as well as hyperactivation in right hemispheric and medial frontal regions during speech presentation (see Redcay and Courchesne, 2008) . Studies have also revealed more general atypical auditory processing in children with ASD (Gomot et al., 2002 ; for a review see O'Connor, 2012). It has been shown Fig. 1 . Key cortical areas associated with autism. Yellow sections refer to areas associated with Theory-of-mind; green areas refer to Mirror Neuron system; Blue, executive function. mPFC, medial prefrontal cortex; DLPFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobule; pSTS, posterior superior temporal sulcus; TPJ, temporo-parietal junction; IFG, inferior frontal gyrus.
that, already in the second year of life (European age one), a deficiency of the left temporal cortex for language processing has been observed in toddlers (usually assessed while sleeping) who would later be diagnosed with ASD, likely representing a fundamental neurodevelopmental pathology (Eyler et al., 2012) .
Deficiencies also pertain to regions associated with social cognition, which includes abilities such as face recognition, perceiving emotions in others, discriminating biological motion, or inferring others' mental states. Imaging studies suggest atypical processing of social cues such as gaze-and emotion-processing, which manifests in hypoactivation of the ventrolateral prefrontal cortex (vlPFC; Davies et al., 2011) , superior temporal sulcus (STS; Redcay, 2008) , and temporo-parietal junction (TPJ; Pantelis et al., 2015) . Individuals with ASD also typically have difficulties with interpreting and engaging in social interactions, which may be displayed in hypoactivation in regions associated with Theory-of-mind processing such as the medial prefrontal cortex (mPFC), the STS, TPJ, amygdala, and the posterior cingulate cortex (PCC; Kana et al., 2015; Von dem Hagen et al., 2013) .
Similarly, it has been proposed that ASD is closely linked to functional deficiencies in the Mirror Neuron System. Although studies find mixed results here, one of the most consistent findings are differing activation patterns in the inferior frontal gyrus (IFG) and the inferior parietal lobule (IPL) when emotional stimuli are presented to individuals with ASD as compared to typically-developed participants (Dapretto et al., 2006; Hamilton, 2013) .
Finally, findings also suggest a general overgrowth in cerebral (white) matter itself. This also potentially occurs from early infancy (Courchesne et al., 2001; Courchesne and Pierce, 2005; Lewis et al., 2014; Sacco et al., 2015; Shen et al., 2013; Stanfield et al., 2008) , with brain volume often returning, in adolescence and early adulthood, to amounts comparable to those of normal controls (Lange et al., 2015) . Diffusion Tensor Imaging studies, which evaluate tract structure and connectivity between regions (Basser et al., 1994; Maximo et al., 2014; Rane et al., 2015) , have also reported reduced structural connectivity of white matter in ASD, often in brain regions related to social cognition such as the ACC, TPJ, corpus callosum (Barnea-Goraly et al., 2004) , and in thalamo-frontal or other long-range pathways projecting to frontal regions including the vmPFC (Barnea-Goraly et al., 2004; Cheng et al., 2010; Cheon et al., 2011) . Similarly, fMRI studies (e.g., Just et al., 2012) have demonstrated that atypical patterns of brain hemodynamic connectivity in slow spontaneous oscillations (i.e., during a resting state) may be pathological manifestations of many brain disorders including ASD.
These results are quite compelling and fit the literature on the behavioral manifestations of ASD. However, these results are also not without debate. In the case of overgrowth in the young child's brain, it has been suggested (Raznahan et al., 2013 ) that previous findings may be due to poor normative comparisons. It is also possible that growth and connectivity differences are the result of the brain's plasticity or a continued response to issues arising even earlier-raising again the need to assess the baby brain. Perturbations in neurodevelopmental trajectories most probably begin as early as the first year of life (Elsabbagh and Johnson, 2016) . Over the last decade, several studies have emphasized the importance of research on infants with high risk in their first year of life for developing ASD, but have mainly used measurements such as eye-tracking (Falck-Ytter et al., 2013; Jones et al., 2014) . As Elsabbagh and Johnson (2016) point out, "within the earliest period of postnatal life, overt behavioral signs of later autism are subtle and variable and do not obviously map on the profile of atypicality seen later." Thus, also longitudinal studies in infants at high risk for ASD may provide a window into the emergence of the aberrant patterns of brain functions and connectivity. However again, until now, abnormalities are almost exclusively examined in older children or under sleeping or sedated conditions, and little is known about atypical connectivity in awake individuals, especially infants.
Puzzle two: the social brain and brain-to-brain interactions A second issue that can be addressed by using fNIRS concerns social difficulties in communication and interaction. Typical autism identification batteries include a number of issues-from failure to look others in the eye to failure to respond appropriately to their mood, words, or actions and to engage in more complex social interactions (e.g., Lord et al., 2000) . However, due to limitations of brain-imaging, most current neuroscience research has focused on perception of social scenes but not on interactions per se (Anagnostou and Taylor, 2011; Philip et al., 2012) , focusing only on single individuals' brains and omitting engagements with other brains or acting humans.
Researchers in turn propose that social cognition may be fundamentally different when an individual is engaged in an interaction with another human, especially when compared to simply observing a situation on a screen (Schilbach, 2010) . Authors also suggest a shift from single-to multi-brain-"hyperscanning"-paradigms, measuring activations from two or more interacting members simultaneously in daily social interactions (Hasson et al., 2012; Liu and Pelowski, 2014) . Hyperscanning is a relatively new technique (Montague et al., 2002) , which provides an opportunity to examine interacting brains in real social activities. Compelling research has found that two individuals' brains may in fact show co-activations in certain shared tasks which may underlie social behaviors or responses (Liu et al., 2015a, b) . In the same vein, examining social deficits in ASD during real interactions and communications allows us to identify the whole architecture of social brains, and unlock the atypical inter-brain connectivity underlying social difficulties between individuals with ASD and other people.
Basic principles of fNIRS
Functional near-infrared spectroscopy (fNIRS) offers a new way of approaching the above issues, via an alternative means of brain imaging. This technique operates by making use of an aspect of the brain's relation to blood oxygenation as a measure of neural activity (Liu et al., 2016 for review) . When a brain region is functionally active, the metabolic activity of neurons increases. Cerebral blood flow (CBF) to that region will also increase (Attwell and Iadecola, 2002) , as will cerebral blood volume (CBV), oxygen metabolic rate (CMRO 2 ), and oxygenated blood (oxy-Hb). Because the degree of increase in CBF is larger than that of the increase in CBV and CMRO 2 , this also leads to a decrease in deoxy-Hb as more oxygenated blood flows into the region as well (see Buxton, 2012 for detail).
These changes can be detected by near infrared light (NIR). Ranging from 650 to 950 nm, NIR is relatively transparent to biological tissues, with its main absorbers being oxygenated and the deoxygenated hemoglobin itself. Emitted NIR light thus penetrates through the scalp and the skull to a maximum depth of approximately 20 mm, spreading in a banana shape, and is then detected by a light receiver measuring relative changes in intensity (Gratton et al., 2010) . When fNIRS probes are placed-most often according to the 10-20 international system for EEG recording-cerebrocranial correlation to generalized models is considered to vary within 10 mm, allowing resolution at the level of the gyrus (Okamoto et al., 2004) .
Key modalities in fNIRS application
The most common fNIRS device adopts a "continuous wave" (CW)-emitting NIR light at a constant intensity, which can then be measured for intensity changes. Oxy-Hb and deoxy-Hb concentration are then calculated using the modified Beer-Lambert Law (Obrig and Villringer, 2003) . By combining the changes in both oxy-Hb and deoxy-Hb, derived from assessing their separately assigned wavelengths, total Hb can also be calculated (see Ferrari and Quaresima, 2012; Hoshi, 2003) , providing a relative measure of change against a baseline, typically collected during a resting state (see Scholkmann et al., 2014 for review). Note also that fNIRS can also be used in "time-resolved" modalities which provide an absolute measure of blood flow into or out of an area, involving either frequency-domain or time-domain assessments (see e.g., Scholkmann et al., 2014; Torricelli et al., 2014) . However, these modalities have not been employed in the present studies under review.
Settings can vary in the number of optode-receiver pairs, which allow for simultaneous coverage of different brain areas. This ranges from simple single or two-channel set-ups to more recent 96-channel systems (see Fig. 2 ), which can give a picture of the entire brain surface (Baird et al., 2002; Hoshi, 2003) . Importantly, for the purposes of comparing studies, this factor provides an idea of the possible channels or brain areas that could be considered when reporting notable brain activity, thus it will also be noted throughout the following review.
fNIRS data assessment and focus
It is also important to consider the specific aspect of hemodynamic response assessed in a study. The fNIRS approaches normally assess oxyHb because this has been shown to be the most sensitive parameter of regional cerebral blood flow, with the strongest positive correlation with the BOLD signal used in fMRI (Hoshi et al., 2001; Strangman et al., 2002; Hoshi, 2003) , especially in cognitive paradigms (Cui et al., 2011) . It is also possible to study deoxy-Hb, which would be expected to show an opposite relation with brain activation. Increasingly, studies include both measures in tandem.
Regarding processing of the received data (see also Tak and Ye, 2014 for CW method-based review), although there is normally no need to impose strict movement constraints in fNIRS studies, raw data is typically preprocessed to remove motion artifacts from large head and body disruptions (Scholkmann et al., 2014; Brigadoi et al., 2014) , and a band-pass filter (e.g., 0.01-0.1 Hz) is also applied to reduce systematic noise resulting from breathing, cardiac etc. (Matsuda and Hiraki, 2006) . A baseline correction, which uses the mean value during pre-trial resting period as a baseline, is then typically conducted to remove any longitudinal signal drift such as unknown global trend due to vasomotion, machine, or other experimental errors. Because fNIRS data, when measured by CW devices, is a relative value, with each channel or brain region of interest having a differing starting baseline, and also differing across participants, in order to facilitate comparisons studies often further calculate z-scores using the mean value and the standard deviation of hemoglobin changes during the baseline period. Finally, group-averaged data in each condition/group is obtained for statistical analysis.
In practical terms, because fNIRS relies on hemodynamic responses, which take some time to occur (i.e., lagging behind electrical changes at the level of individual neurons), oxy-and deoxy-hemoglobin signals are typically considered to mark changes in neural activity with a lag of roughly four seconds.
Experimental design and comparison to fMRI and EEG
The fNIRS can be employed in two major experimental paradigms. One is a block design, calculating mean hemoglobin concentrations across designated periods, which can then be compared in subtractive statistical analysis for relative activation difference. This analysis, which is powerful in reducing non-essential data fluctuations and artifact contamination, is also common in neuroimaging in fMRI/EEG. Recent studies have also begun to employ fNIRS to examine time courses of brain activation (Sato et al., 2007 for review) using an event-related design. These look at more extended periods of continuous activation and consider global changes in response.
Several studies, using both fNIRS and fMRI simultaneously, have demonstrated the reliability of fNIRS signals, especially using oxyhemoglobin (Cui et al., 2011; Hoshi et al., 2001 ). In comparison with fMRI, fNIRS has a higher sampling rate (up to 100 Hz) and lower cost. More importantly, fNIRS is portable, has few physical constraints on participants, and is tolerant to motion artifact and electromagnetic noise (Scholkmann et al., 2014) . Studies have also shown general correspondence with EEG (Roche-Labarbe et al., 2007 . Although EEG shares similar advantages in terms of upright use and has an even higher sampling rate, fNIRS offers a generally higher spatial resolution (approximately 30 mm, see Scholkmann et al., 2014) allowing localizing activation in specific functional regions, without the need for advanced post hoc computer modeling (e.g., LORETA; Pascual-Marqui et al., 1999) as required for similar assessment with EEG.
Importantly, fNIRS can also be applied to clinical populations, to children, and even to neonates (Zhu et al., 2014; Gervain et al., 2011) . For instance, fNIRS has been used with children with attention deficit hyperactivity disorder, epilepsy, preterm birth/early brain injury, and infants at risk of ASD (Ernst et al., 2012) . It can also easily be implemented with awake, engaged infants for extended time periods T. Liu et al. NeuroImage 185 (2019) 955-967 (Vanderwert and Nelson, 2014; Wilcox and Biondi, 2015) . Recent studies also demonstrate that two fNIRS devices can be linked, or optode/receivers from one fNIRS machine can be shared between two individuals, allowing for the online consideration of synchronization between individuals' brains (Liu and Pelowski, 2014; Fig. 2) . Although similar approaches can be done with fMRI and EEG, the portable, upright, and relatively robust nature (in terms of head and eye movement artifacts) makes fNIRS especially suited for this approach.
Methodology issues
Although fNIRS offers important promise, it is of course not without methodological limitations. Because the standard brain templates such as MNI are based on adults' brains, there is currently no appropriate template for infants and children. Thus, fNIRS channels must be arranged by the individual researcher with no present agreed-upon system. In addition, infants and autistic children have difficulties controlling their body movements, thus the issue of de-noising is an important step for preprocessing, even if fNIRS is relatively tolerant to motion. fNIRS can also show some interpersonal differences based on skin pigmentation and has higher difficulty of application with thick or dark haired individuals (e.g., African or Asian). In addition, researchers may find difficulties with longitudinal designs given changes in skull thickness as children develop, which can change strength of signal, and can also progressively impede access to deeper structures.
One obvious limitation with fNIRS approaches is that it only measures cortical areas (again to a depth of about 20 mm) and thus cannot inspect deeper cortical and subcortical structures. However, this does leave the ability to access several regions potentially related to ASD such as the mPFC and pSTS, IFG and IPL, Broca and Wernicke areas (linguistic processing).
fNIRS studies on ASD
In the following section, we review current fNIRS approaches to ASD. This will consider: (1) non-social deficiencies pertaining to the brain; (2) atypical connectivity, both of which predominantly relate to the first above puzzle of brain development in young as well as older adults/ children; and (3) social deficiencies which address the second puzzle considered above. Studies are also collected in Table 1. The table also lists the specific fNIRS modalities (light emission/reception method, number of optode channels, specific type of hemoglobin assessed) in order to aid between-fNIRS study and between-fMRI/NIRS comparison.
Non-social difficulties
The fNIRS has first been used to consider several developmental deficiencies. Primarily, studies have considered some of the more behaviorally obvious issues relating to ASD such as abnormal sensory perception, auditory processing, and executive function deficits. They have mainly used older children and have demonstrated the viability of the fNIRS method, showing consistent results with both behavioral and fMRI studies and thus promise for future (baby or social brain) assessments and which can address issues more at their developmental base. 
Abnormal behavioral features-executive function deficits
Beginning with aspects of executive functions, Xiao et al. (2012) used Go/No-go and Stroop tasks to examine differences among typically developing children (TD), high-functioning autistic children (Mean age 10.1, ±2.1 years), and children with attention-deficit/hyperactivity disorder (ADHD). They adopted a 16-channel fNIRS system (JH-NIRS-BR-05; Huazhong University of Science and Technology, China) to measure participant's prefrontal activations. Four emitters and 10 detectors were placed on the forehead with the middle-bottom detector covering the Fpz point according to the international 10-20 system. The sampling rate was 3 Hz. The results found both behavioral and neural differences among the three groups in the Go/No-go task but not in the Stroop task. Specifically, children with ASD, and those with ADHD, showed longer reaction times, more errors, and lower activation in the right PFC. This study again supported previous fMRI findings, which had also tied executive function differences to prefrontal areas. The authors also concluded that the detected executive dysfunction may be a shared feature of ASD and ADHD. This finding too is supported by earlier studies. Adams and Jarrold (2009) reported that children with ASD exhibited faster reading speed and better accuracy, but poorer reading comprehension than TD during the Stroop task. The Stroop task induces attentional conflict between color and letter processing. In order to perform the task accurately, one needs to inhibit the response to color or letter, which involves cognitive function of inhibition control. Since individuals with ASD may have deficits in linguistic processing, the attentional conflict between the color and the letter is relatively weaker. Yasumura et al. (2014) , using a 16-channel fNIRS device (OEG-16; Spectratech Inc., Japan), more recently compared the executive function of TD, children with ASD (again older children of age 10.5 ± 2.3 years), and children with (ADHD) by measuring their prefrontal activations during the Stroop and reverse Stroop tasks. Six emitters and six detectors were placed on the forehead forming a 2 Â 6 grid with the center of the probe matrix covering Fpz. The sampling rate was 15.4 Hz. Participants in the three groups (TD, ASD, and ADHD) were matched by age, gender, sentence comprehension ability, and IQ. Results revealed significant differences between TD and ADHD children both at the behavioral and neural levels during reverse Stroop task but not during Stroop task. Especially, there was a negative correlation between ADHD children' right lateral PFC activation and their severity of attention deficit. It also did not show any behavioral and neural differences between TD and ASD. This again suggests, especially when paired with the more natural ability to perform tasks in the upright fNIRS setting, that ASD children may have less executive control dysfunction as previously assessed.
Abnormal sensory perception-auditory processing
Regarding awareness of sounds and language processing, Minagawa-Kawai et al. (2009) examined functional lateralization of prosodic and phonemic processing in the auditory cortices of ASD (both high-and low-functioning; Age: 9.2 ± 1.8 years) and typically developing children using an 8-channel fNIRS device (ETG-7000; Hitachi Co., Japan). Two emitters and two detectors were placed in a 2 Â 2 grid forming four channels, with the right bottom detector covering the T3 position (temporal region). The sampling rate was 10 Hz. Participants listened to alternating blocks of words that contrasted either phonemically or in their prosody. Consistent with the developmental literature (Lindell and Hudry, 2013) , TD children showed stronger left-and right-dominant activations in the phonemic and the prosodic condition, respectively. By contrast, this functional asymmetry for phonemic changes was relatively weaker in children with ASD, who only had a right lateralized effect for prosodic processing. This result suggests a dysfunction in the auditory cortex and in turn disrupted phonemic processing in children with ASD.
Although auditory dysfunction may be one explanation of the abnormality of sound perception in individuals with ASD, an alternative explanation is that they may simply pay no attention to the sounds themselves. To address this issue, using a multichannel fNIRS system (OMM-3000; Shimadzu Co., Japan), Funabiki et al. (2012) measured activation changes in the PFC and the temporal cortices during listening and ignoring tasks in adolescents with ASD (16.8 ± 6.1 years) and group-matched TD adolescents. Thirty-two probes (12 emitters and 20 detectors) covered the bilateral fronto-temporal regions. The left bottom detector was placed at Fp1. The sampling rate was 7.7 Hz. The experimental tasks consisted of six sessions, involving two tone files, one vowel sequence, and three short stories. Participants were instructed to listen carefully to, or to ignore, the sounds in the first two tone-sessions and the last two story-sessions. While in the third vowel-and the fourth story-sessions, participants were asked to intentionally listen to the vowel sequence and the reverse reading of the story, respectively. Activations in the auditory cortex increased in the listening session but not in the ignoring session in both ASD and TD participants. More importantly, the results demonstrated significant activation differences between ASD and the TD adolescents in the PFC but not in auditory brain regions. This suggests that unawareness of sounds in children with ASD may be due to deficits in attentional control rather than dysfunction of their auditory cortex.
In sum, the non-social fNIRS findings, although currently few, suggest that the PFC plays a critical role in both the sensory and behavioral abnormalities. Specifically, the ability of attentional control may contribute to the non-social difficulties in ASD. Hence, the dysfunction in the PFC may be a developmental consequence of other earlier deviations. This is also a major finding of fMRI studies, which, because of the complex tasks involved, have also used older children. As of yet no neuroimaging study (fNIRS or fMRI) has examined the deficits in sensory and behavioral features in awake infants from the first year of life. There is much opportunity for assessment of younger children via the fNIRS approach if researchers can develop suitable tasks.
Atypical brain connectivity
Moving to brain connectivity, fNIRS studies have in this case begun to be employed in paradigms previously difficult to address, relating specifically to early child development. Keehn et al. (2013b) examined the development of intra-and inter-hemispheric functional connectivity of the bilateral tempo-parietal regions in high-and low-risk infants across their first year of life. Four infant groups (at 3-, 6-, 9-, and 12-months) were seated on their caregiver's lap and were presented with sequences of trisyllabic sounds in either an ABB (e.g., "ba-lo-lo") or ABC (e.g., "ba-lo-ti") artificial grammar. Infants' brain activations were measured by a 24-channel fNIRS system (ETG-4000; Hitachi Co., Japan). Eighteen probes (10 emitters and 8 detectors) attached to a soft hat designed for infants were arranged in two 3 Â 3 grids covering the bilateral tempo-parietal regions (Fig. 3A) . The sampling rate was 10 Hz. The fNIRS data revealed higher intra-hemispheric connectivity in high-risk than in low-risk infants at 3-months. In contrast, by 12-months, high-risk infants showed decreased connectivity compared to low-risk infants (Fig. 3B) . The results suggest that atypical connectivity already appears from very early of life in infants at high-risk for ASD. Even more, these results may suggest that simple under-or over-connectivity between functional cortices, as found with fMRI and older children studies, may be too simple a diagnosis.
Similar studies have also been employed with older children, as in previous fMRI methods. Kikuchi et al. (2013) measured functional connectivity between the left and right anterior PFC in children with ASD (3.9-7.2 years) and TD children using a 2-channel fNIRS device (Foire 3000; Shimadzu Co., Japan). Two emitters and one detectors were placed on the forehead with the detector covering Fpz (Fig. 4A) . The sampling rate was 10 Hz. To minimize head and body movements, children were asked to lie on a bed and a picture-card showing a children's book illustration was presented. Six 100-s continuous, artifact-free periods were selected for data analysis and functional connectivity between the bilateral PFC was assessed using the data at low-frequency spontaneous fluctuations (0.01-0.1 Hz). The coherence analysis demonstrated higher inter-hemispheric connectivity with 0.02-Hz fluctuations in ASD compared to TD children (Fig. 4B) . Furthermore, the aberrant over-connectivity between the left and right PFC was positively correlated with the severity of children's social deficit.
Studying participants around six years-old, Li and Yu (2016) used a 44-channel fNIRS system (LABNIRS; Shimadzu Co., Japan) to examine the network efficiency and the lobe-level connectivity of functional networks in the fronto-temporal cortices of young boys (6.1 ± 1.1 years) with and without ASD when they watched a cartoon. Thirty-two probes (16 emitters and 16 detectors) were arranged in two 2 Â 8 grids covering the bilateral fronto-temporal regions. The furthest anterior probes were placed at Fp1 and Fp2; the furthest posterior probes were placed at PO7 and PO8. The sampling rate was 37 Hz. For data analysis, a 10-14-min period in which participating children kept relatively quiet was selected. The fNIRS results showed three main findings: First, compared with TD children, the ASD boys had weak network efficiency in the fronto-temporal regions. Second, using a k-means clustering method with network efficiencies as predictive parameters, the researchers could identify the ASD children from all participants with an accuracy rate of 83.3%. Third, the weak lobe-level inter-region connections mainly covered the PFC and its linkages with the left PFC and the bilateral temporal cortex. These results nicely demonstrated that the atypical functional connectivity may be a critical neural symptom of ASD and the right PFC constitutes a key functional node.
Using a 44-channel fNIRS system (FOIRE-3000; Shimadzu Co., Japan), Zhu et al. (2014) compared the functional connectivity in the bilateral IFG and temporal cortices between autistic boys (9.0 ± 1.3 years) and TD children in a resting state (8 min). Thirty probes (14 emitters and 16 detectors) were arranged in two 3 Â 5 grids covering the bilateral fronto-temporal regions. In the left hemisphere, the center of the left middle emitter-detector pair covered F7. The sampling rate was 14.3 Hz. The fNIRS results were consistent with fMRI research showing that children with ASD have weak inter-hemispheric and local connectivity in the temporal cortices compared with TD children. Furthermore, children with ASD do not show typical patterns of symmetry in functional connectivity between the bilateral temporal cortices. Temporal cortices are well acknowledged to be involved in the mentalizing network (e.g., mPFC, temporal pole, and pSTS), associating with ability to understanding another's thoughts, desires and emotions. The results suggest that children with ASD may have deficits in their social functions such as theory of mind.
In sum, although these results in their present state are also somewhat disparate, the fNIRS findings appear to suggest that ASDs may tend to show increased functional connectivity in the fronto-temporal regions at their very early life. Following this, on the contrary, ASDs may show decreased connectivity over later periods of development. In addition, the PFC may be a critical node in the atypical fronto-temporal connectivity. This also adds an important new aspect to previous fMRI findings, extending to individuals who are not sedated or sleeping, and shows the promise for much future research that could better explore the present between-study/between-age connectivity differences.
Social difficulties in interaction and communication
Finally, several fNIRS studies have been used in a range of social interaction paradigms, which also introduce new findings obtainable via this paradigm.
Self-other distinction and face processing
As reviewed above, ADS children show deficits in ability at social interaction. One line of research suggests that this may be partly associated with abnormality in self-other distinction (Lombardo and BaronCohen, 2011; Lombardo et al., 2010; Ornitz and Ritvo, 1968) . Specifically, children with ASD may have abnormalities in recognition of their own faces. To assess this possibility, Kita et al. (2011) measured activations in the frontal cortices using a 16-channel fNIRS system (OEG-16; Spectratech Inc., Japan) when performing an own-face recognition task in three participant-groups: healthy adults, TD boys, and boys with ASD (10.2 ± 1.1 years). Six emitters and six detectors were placed on the forehead in a 2 Â 6 grid with the center covering Fpz. The sampling rate was 1.5 Hz. Two types of morphing movies were used as stimuli in the recognition task, in which an initial self or familiar face image changed dynamically to an opposite-gender, unfamiliar face within 9000 ms. The participants' task was to watch the movies and judge when the gender of the initial image changed. The fNIRS data revealed higher right IFG activations during the own-face section in healthy adults than in both the TD and autistic boys. ASD characteristics also corresponded with comparatively lower activation in the right IFG. These results suggest that dysfunction in the IFG-i.e., social deficits in processing of self-information such as self-face recognition and self-evolution-may be a crucial neural pathology of ASD. Fox et al. (2013) further examined face processing in infants by measuring fronto-temporal activations in high-risk infants (6.33-7.97 months) and low-risk TD controls using a 24-channel fNIRS system (ETG-4000; Hitachi Co., Japan). An infant-friendly cap was designed to affix the fNIRS probes to the frontal and right lateral portions of the head. The frontal panel was centered on the nasion-inion line with the bottom probes positioned directly above the eyebrows, in a direction parallel to Fig. 3 . Positions of fNIRS channels and main findings in Keehn et al. (2013b) . (A) Regions of interest selected from anterior and posterior recording sites on each hemisphere. Grey circles represent channels included in anterior ROIs; black circles are channels included in posterior ROIs. Probes not included in ROIs are depicted in white. Smaller red and blue circles represent infrared emitters and detectors, respectively. (B) Group differences in mean intra-and inter-hemisphere connectivity measures at 3-, 6-, 9-. and 12-months. HRA, high risk for autism; LRC, low-risk comparison. Error bars represent one standard error of the mean. *p < 0.1, **p < 0.05. the T3-Fp1-Fp2-T4 line. The right lateral panel was placed with the anterior portion of the panel located just superior to the right ear. Infants were seated on a parent's lap and were presented with video clips showing their mother's or a stranger's face changing from a neutral to a smiling expression. The fNIRS data revealed higher responses in the medial PFC and the right temporal cortices when viewing the mother for the low-risk infants but not for the high-risk infants. Both low-and high-risk infants also showed higher right prefrontal activations when viewing smiling faces than when viewing the neutral faces (Fig. 5) . Previous neuroscience studies have demonstrated that the medial PFC and the right tempo-parietal regions are closely associated with self-other merging/distinction (Mitchell et al., 2005; Ruby and Decety, 2004) . Thus, this study newly suggests that deficits in self-other merging/distinction may be a neural feature of autism. Mori et al. (2015) had participants (9-14 years old) imitate emotional facial expressions while being monitored via a 34-channel fNIRS system (Shimadzu NIRStation OMM-3000-12; Kyoto, Japan). Two sets of twelve probes (6 emitters and 6 detectors) covered the bilateral frontal regions in two 3 Â 4 grids. The lowest probes were placed along the Fp1-Fp2 line and its center part covered Fpz. Results revealed lower IFG activations in autistic children than in the healthy controls. However, the IFG activations of the ASD children were significantly elevated after receiving training on imitations of emotional facial expressions. This study suggests that although dysfunction in the MNS may be one critical neurological feature of ASD, mirror neurons could be activated by repeated imitation in ASD children.
Visual and auditory social cue recognition
Focusing on the processing of visual and auditory social stimuli, Lloyd- Fox et al. (2013) measured bilateral temporal cortices, again in high-risk infants (4.9 ± 0.9 months) and low-risk controls, using a 26 channel fNIRS instrument (UCL topography system, UK). The average head circumference of the infants was 42.99 cm, and the average distance from the glabella to the ear was 11.27 cm. According to the head measurements, a custom-build fNIRS headgear consisting of two emitter-detector arrays covered infants' bilateral temporal regions in 2 Â 5 grids. The lowest bottom probes were placed around the T3 and T4 positions (Fig. 6A) . The visual stimuli consisted of social videos of two female actors who either moved their eyes left or right or performed hand games. While the auditory stimuli included social sounds from two speakers (who coughed, yawned, laughed and cried) as well as non-social naturalistic environmental sounds. The fNIRS data showed lower Fox et al. (2013) . Channels showed significant main effect of Face Identity (mother vs. stranger, marked in magenta) and Emotion (neural vs. smiling, marked in green) occurred in frontal regions, while the main effect of Group (LRC vs. HRA) was revealed in the right lateral temporal regions (yellow). Significant interactions were seen across frontal and lateral channels (dashed circles).
responses in the temporal cortex, approximately the posterior STS, to social stimuli (auditory and visual) in high-risk than in low-risk infants (Fig. 6B ). This finding is again consistent with previous studies, suggesting that dysfunction of the temporal cortex contributes greatly to social deficits in ASD, however with the new addition of this finding in the infant as well.
Inferring mental states; theory of mind
Inferring mental states of others, or ability regarding the theory of mind, also shows critical importance in social interactions. To examine mentalizing deficits in children with ASD, using a 22-channel fNIRS system (ETG-4000; Hitachi Co., Japan), Iwanaga et al. (2013) measured medial prefrontal activations in children with ASD (11.5 ± 1.8 years) and TD children when they expressed a person's mental state (MS) or described an object's characteristics (OC). Fifteen probes (8 emitters and 7 detectors) were placed on the forehead of participants in a 3 Â 5 grid. The middle emitter in the lowest line covered the Fpz position measuring prefrontal activations including the rostral parts of PFC and the dlPFC. The sampling rate was 10 Hz. In the MS task, three black-and-white photographs of a person's eye region were displayed randomly and participants were asked to express the mental state of the person. While in the OC task, color photographs of objects (a truck, a flower, and a church) were shown and participants were instructed to describe the object's characteristics. The fNIRS data revealed that the ASD group showed significantly lower medial prefrontal activation than the TD group in the MS task but not in the OC task. Consistent with findings of fMRI studies, this result suggests dysfunction of the medial PFC in autistic children, indicating impaired theory of mind ability.
Communication deficits
Communication deficit is another core symptom of ASD, emerging as difficulties in both speaking and listening. In fact, developmental delays in communication abilities emerge behaviorally from as early as 12 months of age (Zwaigenbaum et al., 2005) . Edwards et al. (2017) examined neural precursors of speech perception as potential endophenotype of ASD in 3-month-old infants at high and low familial ASD risk using a 24-channel fNIRS device (ETG-4000; Hitachi C., Japan). Two sets of nine probes (five emitters and four detectors) were fitted into a soft cap designed for infants covering a region spanning anterior to posterior temporal cortices in each hemisphere. The positions of fNIRS channels were arranged in a same way as in Keehn and colleagues (2013b shown in Fig. 3 ). The sampling rate was 10 Hz. Two types of auditory stimuli, consisting of either repeating or non-repeating trisyllabic sequences, were presented to infants in a pseudo-randomized order (for details see Gervain et al., 2008) . Female low risk infants showed decreased temporal activations over exposure to repetitive stimuli, suggesting a normal habituation to repetition in speech. In contrast, female high risk infants showed no activation changes over exposure.
Concerning communication deficit in older children, using a 2-channel fNIRS device (NIRO200; Hamamatsu Inc., Japan), Kawakubo et al. (2009) measured prefrontal activations in high-functioning ASD individuals (children: 12.7 ± 3.4 years; adult: 26.7 ± 6.1 years) as well as in their non-affected siblings and in healthy controls in a letter fluency test. Four probes (2 emitters and 2 detectors) were placed on the forehead of participants using double-sided adhesive tape. The two detectors covered Fp1 and Fp2 with the emitters positioned 4 cm to the lateral side of the detectors along the T3-T4 line. The sampling rate was 2 Hz. The participants' task was to generate as many words that began with a given syllable as they could. For children, there was no performance and activation differences among the three groups. For adults, in contrast, ASDs showed significantly lower prefrontal activations than the controls even though no performance differences were revealed. In addition, prefrontal activations of adult siblings were intermediate between those in ASDs and controls. These results suggest that dysfunction of the prefrontal cortex may be associated with social deficit in ASD but may not be a causal factor since no prefrontal activation difference was observed across the three children groups. In addition, the sibling-related findings may also support suggestions of a potential genetic factor contributing to ASD (Constantino et al., 2010; Gaugler et al., 2014) , and thus may suggest fNIRS as a nice complement to, for example, genetic mutation, array comparative genomic hybridization (aCGH), or chromosomal microarrays (CMAs) approaches (see also Miles, 2011) .
Concerning real conversation situations, Suda et al. (2011) , using a 52-channel fNIRS system (ETG-4000; Hitachi Co., Japan), assessed the relationships between PFC/STS activations and autistic traits (assessed by the Autism-Spectrum Quotient: AQ) during face-to-face conversations in typically developed adults (26.4 ± 3.0 years). Thirty-three probes (17 emitters and 16 detectors) covered the frontal cortices in a 3 Â 11 grid with the lowest probes positioned along the Fp1-Fp2 line. The sampling rate was 10 Hz. In the conversation task, participants were required to talk about food with three unacquainted male researchers. In the control task, participants repeatedly said meaningless syllables such as 'a', 'ka', 'sa', 'ta', and 'na'. The fNIRS results revealed higher activation in the PFC and the STS during face-to-face conversations. Furthermore, there was a significant negative correlation between participants' AQ scores and left STS activation, especially in males. These results are consistent with previous fMRI and PET studies showing that autism is associated with anatomical abnormalities localized in the STS (Boddaert et al., 2003 ; T. Liu et al. NeuroImage 185 (2019) 955-967 Gendry Meresse et al., 2005; for review, see Zilbovicius et al., 2006) . The STS is closely linked to joint attention (for intentional understanding) and language processing (Materna et al., 2008; Pelphrey et al., 2011; Redcay, 2008) . Thus, deficits in joint attention with others may account for social difficulties in communications. In summary, these fNIRS studies on interaction and communication difficulties are consistent with previous fMRI findings indicating that dysfunctions in fronto-temporal cortices are core neural symptoms in autism, contributing to social deficits of individuals with ASD. Especially the results from infants at high-risk for ASD suggest a potential causal role of fronto-temporal dysfunctions in social behavioral abnormalities in autism. However, most of these previous studies showed a lack of ecological validity in experimental paradigms using mainly passive observation tasks. The above studies show the promise of assessing social deficits of autism in real interpersonal interactions.
Discussion and conclusion
As shown by the above findings, the fNIRS approach is promising even in its current emerging state, both in its adherence to previous fMRI studies and even more in its ecological validity that has allowed the assessment of the baby brain and of individuals engaged in social settings. To conclude, we will consider these fNIRS findings both in regards to what they may presently reveal about the brain in ASD children and in regards to issues and questions that should be addressed in future research.
First, consideration of the reviewed studies, in tandem with previous findings using fMRI, suggests that dysfunctions of the fronto-temporal cortices together with atypical connectivity may be a central aspect in autism. This may contribute to both the social and non-social abnormal features in individual's behavioral development. Importantly, the atypical functional connectivity between the fronto-temporal regions may change developmentally over time, shifting from over-connectivity to under-connectivity, with this being centered on the prefrontal cortex.
From a perspective of cognitive functions, the PFC may function as an attentional control, guiding attention to an external stimulus, both social and non-social, via working memory filtering (Knudsen, 2007) . If the salient stimulus is non-social, attentional control may activate and further amplify the processing of sensory perception in the tempo-parietal regions. If a social stimulus is salient, the attentional control may lead to shared attention to other people involved in the posterior temporal sulcus. Thus, deficits in attentional control may lead to deficits in both social and non-social behavioral features.
In this case, one speculation is that dysfunction in attentional control may inherently lead to autism (Keehn et al., 2013a) . This may specifically involve the switch of attention itself: An individual with ASD may easily focus on interesting things for him/her but find it hard to switch to other social and non-social stimuli (Funabiki et al., 2012) . To some extent, individuals with ASD may find themselves on an "isolated island," with an "isolated brain" showing abnormal cognitive processes of self and others Kita et al., 2011) and with atypical functional connectivity between PFC and tempo-parietal regions (Li and Yu, 2016) . The over-connectivity in fronto-temporal regions in infants at their very early life might in turn be a "buffer preparation" period for shifting to under-connectivity. Without enough social experience of interacting with others, abilities regarding self-other merging and perspective-taking in autistic individuals may weaken, which may impair social learning ability via imitations and empathic ability via theory-of-mind and mirror neuron function (Mori et al., 2015) . Consequently, individuals with ASD may encounter difficulties in communications and interactions with other persons. Further studies are needed to confirm this speculation by examining brain activations of autistic children, especially high-risk infants in real social contexts.
Thus, one candidate for future study using fNIRS is to focus on the first-year (baby brain) puzzle. By examining changes of brain responses to social and non-social stimuli over time in infants from the first year of life, we may identify the neural turning-point (biomarker) for autism. It is also necessary to pair this with both cross-sectional and longitudinal designs.
Autism is defined as behavioral abnormalities mainly in social interaction, including both verbal and non-verbal interactions. However, few studies have examined neural features of autism in real social activities due to the complex dynamics of interpersonal interactions. Hyperscanning, as briefly introduced above, holds important promise for enabling simultaneous acquisition of neurophysiological data from two or more participants (Montague et al., 2002) , which provides an opportunity to examine interacting brains in real social activities (Liu et al., 2015a, b) . Due to the technical advantages of fNIRS hyperscanning (Liu and Pelowski, 2014) , it is relatively easy to measure brain activation in young children with ASD when they interact/communicate with, e.g., a stranger, a parent, a friend, or a teacher. For instance, we may measure brain activations of one autistic infant/child and its mother simultaneously using two portable fNIRS devices in natural verbal or non-verbal interactions. In this case, we may not only examine their intra-brain activation and functional connectivity, as in previous single-brain studies, but also can assess the inter-brain neural coupling revealing the dynamic information flow between interactive dyads.
In addition to identifying biomarkers of ASD, treatment is of course key, especially interventions that might adjust the density or connectivity of the plastic brain. For example, neurofeedback is a promising online approach to investigate the relationship between brain activity and behavior (Duan et al., 2013) . However, human brains are of course not visible and it is thus difficult to timely assess the validity of such treatment. Combining neural treatment and the technique of neurofeedback with fNIRS, one could directly stimulate target regions, such as PFC or temporal cortices to improve treatment efficiency (Arns et al., 2015; Barth et al., 2016; Hadi Hosseini et al., 2016; Kinoshita et al., 2016; Kober et al., 2014; Marx et al., 2014; Mihara et al., 2012 Mihara et al., , 2013 see Thibault et al., 2016 for review). More importantly, fNIRS neurofeedback may enable individuals with ASD to learn strategies or "brain exercises," by which they can perform rehabilitative activities alone, even at their home. Given the slow nature of the hemodynamic response, we would need to train participant to adapt hysteretic neural responses. Fortunately, adaptation is one critical and basic cognitive requirement for human beings (Liu et al., 2012; Miller and Cohen, 2001) , and preliminary tests (e.g., developed in the laboratory of the first author) also demonstrate that participants could easily adapt to the delay between their behavioral or mental response and the neural changes.
To conclude this review, fNIRS, although still admittedly in its infancy itself as it is applied to neuroimaging, does provide a basis of studies which both coincide with and extend from present imaging findings. Coupled with fNIRS' unique abilities for more ecologically valid approaches for unlocking the social and infant brain, this may mark an important window into ASD.
